Injection of dithizone, a zinc chelating agent, induced selective killing of intestinal Paneth cells within a few min by forming toxic insoluble zinc-dithizonate complexes. However, regeneration of Paneth cells took place right after dithizone treatment and resumed the normal level as early as 72 hr with overshooting persistent for 2 weeks.
The process or regeneration in intestinal crypts was studied by means of morphology, uptake of 
I. Introduction
Paneth cells consist of a morphologically well characterized population localizing in the base of intestinal crypts of many species [9] , but their physiological functions have remained obscure.
Paneth cells have a high amount of zinc in their cytoplasmic granules [4] [5] [6] 13] . Our previous study showed that a single intravenous injection of dithizone to rats resulted in deposition of insoluble zinc-dithizonate complexes in Paneth cells and thereby selective killing of Paneth cells [10, 11] . Regeneration of Paneth cells, however, starts right after exfoliation of the damaged cells and resumes the normal level within 72 hr [10] . Studying mouse intestinal cell kinetics, Cheng et al. [2, 3] reported that Paneth cells have limited capacity of growth and turn over very slowly about every three weeks. In this context, regeneration of Paneth cells after dithizone treatment is unexpectedly fast. In this study, we asked whether the dithizone treatment introduces accelerated proliferation of Paneth cells or their progenitors and whether the effect of dithizone on crypt cells is specific to Paneth cells. For this purpose, the process of regeneration after dithizone injection was examined sequentially by means of morphology, cell kinetics analysis, as well as immunohistochemical stainings of Paneth cell markers such as lysozyme and zinc-binding proteins of Paneth cells (ZBPPs dithizone treatment were injected intraperitoneally with the same dose of BrdU and then killed 6 hr later.
Histochemical procedure Method of fixation and sectioning was critical for immunohistochemical staining of BrdU, lysozyme and ZBPPs, so that we examined several combinations to attain optimal conditions. As it was difficult to find out the best combination to demonstrate two of markers in a single section, we employed different procedures for each marker as described below. Immediately after the sacrifice of animals, the 3-cm-long segments of the terminal ileum were extirpated and divided into four equal parts. One of them was snap frozen and cryostat sections were fixed in either 10% neutralized formalin, Zamboni solution, or Bouin solution before histochemical procedure.
The others were first fixed in either 10% neutralized formalin, Zamboni solution, and Bouin solution, paraffin sections prepared, and de-waxed before histochemical procedure.
To demonstrate BrdU-labeled cells, a combination of Bouin fixation and paraffin sectioning yielded the best result. Sections were incubated for 30 min at RT with 0.33% H2O2. After washing three times in phosphate buffered saline (PBS), the sections were incubated for 30 min at RT with normal rabbit serum diluted 1:100 in PBS with 1% bovine serum albumin (PBS-BSA) for the blocking. Excess serum was discarded and the sections were incubated for 1 hr at RT with anti-BrdU monoclonal antibody diluted in Tris-buffered saline with BSA containing nuclease (RPN 202: Amersham). After washing the sections were incubated for 40 min at RT with biotinylated rabbit immunoglobulins (Igs) to mouse Igs (DAKO, Glostrup, Denmark) diluted 1:200 in PBS-BSA. After washing the sections were incubated for 50 min at RT with a solution of biotin-avidin-horseradish peroxidase complex (Vectastain; Vector Lab, Burlingame, CA). After washing the peroxidase bound to the sections was detected by DAB with H2O2 in 0.05 M tris-HCl buffer (pH 7.6).
On the other hand, the best conditions of staining of Paneth cell granules required Zamboni fixation and paraffin sectioning for lysozyme, and Zamboni fixation and frozen section for ZBPPs [8, 12] . The procedures were also similar to the case of BrdU staining except for the use of normal goat serum diluted 1:100 as a blocking agent. To stain lysozyme, we used rabbit Igs anti-human lysozyme (DAKO; cross reactivity to rats) diluted 1:100 as the first antibody and biotinylated goat Igs anti-rabbit Igs (DAKO) diluted 1:200 as the second antibody. To stain ZBPPs, anti-ZBPP-1/1 [12] and anti-ZBPP-2/3 [8] monoclonal antibodies were used as the first antibodies and biotinylated rabbit Igs anti-mouse Igs (DAKO) as the second antibody.
Cell count
The numbers of epithelial cells in the upper, lower crypt and crypt base were enumerated in 30 crypts in each section. Also, BrdU-labeled, mitotic, and non-labeled mitotic cells in each compartment were counted. In the crypt base, number of Paneth cells, BrdU-labeled Paneth cells, and Paneth cells in mitotic division were counted.
III. Results

Regeneration of Paneth cells
A single injection of dithizone induced rapid death of Paneth cells and their exfoliation from crypt bases. Percentage of Paneth cells among crypt base cells reduced from 62.5% to 8.6% immediately after dithizone treatment (Figs. 1A, 2) . However, regeneration of morphologically recognizable Paneth cells started almost right after dithizone injection. Percentage of Paneth cells in the crypt base increased linearly, reached the normal level after 72 hr, overshot it after 7 days and resumed the normal level after 14 days (Fig. 1A) . In the crypt bases of normal or dithizone-treated rats, BrdU-labeling nor mitotic division of mature Paneth cells was rarely observed. Therefore, we concluded that mature rat Paneth cells neither divide nor synthesize DNA irrespective of normal steady state or in the process of regeneration. After exfoliation of Paneth cells, morphologically recognizable Paneth cells gradually re-appeared apparently by transformation of adjacent reserve cells. In early stages, they quickly accumulated zinc and resumed zinc-binding proteins (Fig. 2C) , whereas the lysozyme activity in regenerating Paneth cells resumed much later (Fig. 2B) . Fig. 2C shows data for ZBPP-2, but resumption of ZBPP-1 took place in a similar manner (data not shown).
Alteration of cell kinetics in intestinal crypts
The dithizone injection induced remarkable alterations in cell kinetics in entire intestinal crypts. As seen in Fig. 1B , the percentage of BrdU-labeled cells increased in all compartments of crypts immediately after dithizone injection, reached a peak at 12 hr and gradually decreased thereafter. The extent of increase of % labeled cells was most remarkable in the crypt base, indicating active recruitment of cycling cells there. Increased cell division was also observed in all compartments and persisted for 2 days (Fig. 1C) . In normal controls, all the mitotic cells were labeled with BrdU in all compartments. In the upper and lower crypts, after dithizone injection, the percentage of non-labeled mitotic cells in all mitotic cells increased promptly and reached a peak at 12 hr (Fig. 1D) . In this experiment, we sampled the intestine 6 hr after BrdU administration. Therefore the percentage of non-labeled mitotic cells in all mitotic cells represents the fraction of the cells outsides the S stage when BrdU was given. Since dithizone induced remarkable increase in mitotic and DNA synthesizing cells in all compartments, blockade at G2 stage seemd less likely. The above observation, therefore, may mean that the dithizone injection remarkably accelerates the G2 passage of upper and lower crypt cells and a considerable number of the cells having been at G1+M stage proceed to M stage at the point of latively electron dense cytoplasm but without any specific granules [10] . Deposition of zinc in Paneth cells rapidly resumed within 72 hr but regeneration of lysozyme activity occurred a little later. Thus the young Paneth cells are stained with anti-lysozyme antibody only weakly. This is consistent with the finding that lysozyme activity parallels with maturation of Paneth cells [7] . As reported by Cheng [2, 3] , transformation of precursor cells to Paneth cells in normal intestinal crypt occur quite slowly probably to replace dead Paneth cells, whereas after dithizone treatment such transformation seems to occur extensively but without notable DNA synthesis and cell proliferation.
The regulation of the total number of Paneth cells seemed not very tight, since it considerably overshot the normal level a few days after dithizone injection. The third hypothesis is that Paneth cell precursors are complemented by the cells immigrating into crypt base originating from stem cells in the lower crypt [1] . In this study, we did not evaluate the contribution of immigrating cells from the lower crypt in the process of regeneration after dithizone treatment.
Even if this is the case, the migrating progenitor cells should not be in the cell cycle.
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